Background Novel urinary biomarkers are useful for the prediction of acute kidney injury (AKI). Most promising are the urine markers NGAL, IL-18, KIM-1, and LFABP. Each of these has shown considerable promise diagnosing AKI earlier than serum creatinine (Scr) using disease controls. We set out to determine reference levels of these markers in a healthy pediatric population. Methods Urine was collected from 368 healthy children and assayed for NGAL, IL-18, KIM-1, and LFABP using commercially available kits or assay materials. Analysis of biomarkers by linear regression and according to age groups (3-<5 years; 5-<10; 10-<15; 15-<18) was performed to determine if biomarker levels differed with age and gender.
Introduction
Pediatric acute kidney injury (AKI) is on the rise, especially among the critically ill [1] [2] [3] . Partly responsible for the increase is that diseases that previously had high fatality rates, such as sepsis, congenital heart disease, and certain cancers, have increased survival due to increased quality of care [4] [5] [6] . The functional consequence of AKI is reduced glomerular filtration rate. Serum creatinine (SCr) is eliminated by glomerular filtration, increases with AKI, and is currently the primary diagnostic test of AKI. Lack of specificity and slow response to alterations in disease severity or treatment are primary reasons why SCr is an unsatisfactory biomarker for renal disease, especially in AKI. First, SCr levels change with factors unrelated to renal disease, such as age, gender, diet, muscle mass, muscle metabolism, race, strenuous exercise, and hydration status. Creatinine levels are also influenced by certain drugs [7, 8] . Furthermore, rises in SCr occur long after the renal injury is sustained. In fact, SCr concentrations may not change until approximately 50 % of kidney function has been lost. This makes SCr a poor diagnostic marker for AKI, since treatments need to be administered soon after injury to be effective. Animal studies have shown that treatments to prevent or alleviate AKI need to begin well before the SCr level begins to rise [9] [10] [11] .
Over the last decade, several promising early biomarkers of AKI have been identified in urine. This article will focus on renal tubular markers. Some of the most promising of these markers include kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), interleukin-18 (IL-18), and liver fatty acid binding protein (LFABP) [12, 13] . Using genomic and proteomic technology, these proteins were discovered in nephrotoxic or ischemic animal AKI models, and represent molecular events of epithelial injury. NGAL was initially discovered to be elevated in mouse models of ischemia-reperfusion injury (IRI) [14] then subsequently found to be an early marker of AKI in patients following cardiopulmonary bypass (CPB) [15, 16] . Recently, our group measured the temporal pattern of all four markers following CPB to predict AKI [17] . Urine NGAL significantly increased in AKI patients 2 h after CPB and remained elevated at all time-points. IL-18 and L-FABP were intermediate biomarkers, increasing at 6 h after CPB. KIM-1 increased at 12 h after CPB. Biomarker elevations significantly correlated with clinical outcomes and improved prediction of AKI over a clinical model. In addition to AKI, there is evidence that these markers may also be useful in predicting and monitoring progression of various forms of chronic kidney disease (CKD), such as steroid-resistant nephrotic syndrome, diabetic nephropathy, and renal decline due to atherosclerosis [18] [19] [20] . In order for these biomarkers to have clinical utility, we must determine the normative values of these markers in a healthy pediatric population. In most previous studies, control measures of these biomarkers were made in patients who were being treated but did not develop AKI (50 % rise in SCr). While the levels of biomarkers in the AKI patients was significantly elevated compared to these controls, they may also be elevated in the controls compared to healthy children.
In this study, we set out to establish a reference range for NGAL, IL-18, KIM-1, and LFABP in a population of healthy children, and to determine if levels of these markers fluctuate with age or gender.
Methods

Patients
This study was approved by the Cincinnati Children's Hospital Medical Center Internal Review Board and was carried out in accordance with the Declaration of Helsinki. Samples included were from the Cincinnati Genomic Control Cohort (CGCC). Inclusion criteria were as follows: between 3 and 18 years of age (prior to 18th birthday) at the time of enrollment, willingness of family to participate and give consent to participate in this project, willingness for participants aged 11 years of age and older to provide assent to participate in this project, ability to complete the introductory medical history, willingness to be contacted annually for future medical history updates, and willingness to consent to long-term storage and future analysis of DNA. Subjects were excluded if they met any of the following criteria: presence of known genetic diseases or severe chronic medical conditions, such as chromosomal abnormality, first-degree relative participating in the project, unwillingness to complete family and personal health history or allow storage or genetic testing of samples, and adopted, without full contact with biological parent(s) to be able to obtain family history information. Specific exclusion criteria for the subset of patients used in our study was a history of kidney injury or disease, including, but not limited to, IGA nephropathy, kidney stones, abnormal bladder, urinary reflux, and ureteral reimplantation.
Recruits were obtained through a marketing plan developed to ensure community-based participation, designed with the help of the Clinical Trials Office. Census tract monitoring was used to ensure both the diversity of cohort as well as the representativeness (an equal number of males and females, and approximately 85 % white non-Hispanic, 12 % African American, and 3 % Asian, Hispanic, and other minorities, which represents the population distribution of the seven counties of northern Kentucky and Ohio that comprise greater Cincinnati).
Potential subjects recruited from the community were screened by telephone to ensure eligibility and scheduled for an approximately 2-4-h visit. At this visit, a questionnaire was administered by the clinical research coordinator, a brief physical exam from a licensed physician was performed and samples (blood, urine, hair) were collected. Random urine samples were collected in 4-oz. sterile specimen containers. The specimen was then given to the lab 15-60 min after collection, where it was centrifuged briefly to settle particulate matter and aliquoted prior to storage at −80°C. Samples were collected from 2007 to 2010 and stored until measurement in 2013. All measurements were performed in one batch in a period of 1 week.
Biomarker measurements
The urine NGAL ELISA was performed using a commercially available assay (NGAL ELISA Kit 036; Bioporto, Grusbakken, Denmark) that specifically detects human NGAL [16] . The intra-assay coefficient of variation (CV) was 2.1 % and interassay CV was 9.1 %. Urine IL-18 and L-FABP were measured using commercially available ELISA kits (Medical & Biological Laboratories Co., Nagoya, Japan and CMIC Co., Tokyo, Japan, respectively) per manufacturer's instructions. CVs for IL-18 and LFABP were inter (7.3 %; 6.1 %) and intra (7.5 %; 10.9 %). The urine KIM-1 [21] ELISA was constructed using commercially available reagents (Duoset DY1750, R & D Systems, Inc., Minneapolis, MN) as described previously [16] . Intra-and inter-assay CV for KIM-1 was 2 and 7.8 %, respectively. Measurements were carried out in duplicate.
Statistics
Statistical analysis was performed using SigmaPlot 12.5 (Systat Software, Inc,. Chicago, IL, USA). All groups failed the Shapiro-Wilk test for normal distributions (p<0.05). As a result, individual comparisons of the effect of gender were subjected to Mann-Whitney rank sum analysis. The effect of gender and age group on biomarker values were analyzed using a Kruskal-Wallis one-way analysis of variance on ranks followed by Dunn's multiple comparison test. Multiple linear regression was also performed to investigate the continuous effect of age as well as gender on biomarker levels. Biomarker values were log transformed to fulfill the assumptions of linear regression modeling. p values less than 0.05 were considered significant for differences between age and sex. For multivariate linear regression analysis, variables with p values less than 0.05 were removed and 95th percentile values were also calculated for each biomarker.
Results
Urine was collected from 1,020 participants and measurements made on urine from 368 children from the Cincinnati Genomic Control Cohort (healthy children presenting to Cincinnati Children's Hospital primary care clinic for well child visits). Children who were not excluded based on medical history (see Methods) were randomly selected with stratification to ensure equal representation among age groups and sex. Demographic data can be seen in Table 1 . To determine normal reference levels, urine was measured by ELISA for NGAL, IL-18, KIM-1, and LFABP. Overall, median values were as follows: NGAL (6.6 ng/ml; interquartile range (IQR) 2.8-17), IL-18 (21.6 pg/ml; IQR 13.6-32.9), KIM-1 (410 pg/ml; IQR 226-703), LFABP (3.4 ng/ml; IQR 1.6-6.0). To determine whether the urinary biomarker levels differed with respect to age or gender, specimens were grouped by age (3-<5 years (n=94); 5-<10 (n=89); 10-<15 (n=93); 15-<18 (n=92)) and gender (M=184, F=184). To analyze the effect of gender on biomarker levels, age-grouped results were subjected to Mann-Whitney rank sum analysis. Results are shown in Fig. 1 . To summarize, NGAL was significantly elevated in females vs. males in all age groups (13.1 ng/ml, IQR 5.3-26.6 vs. 3.5 ng/ml, IQR 1.9-7.9; p<.001). IL-18 was elevated in females vs. males between 10-<15 and 15-<18 years of age (31 ng/ml, IQR 22.6-47.1 vs. 19 ng/ml, IQR 12.5-27.9 and 27 ng/ml, IQR 13.6-57.7 vs. 18 ng/ml, IQR 14.4-24.9, respectively, p<.001). LFABP was slightly elevated in females between 10 and <15 years (3.5 ng/ml, IQR 2.0-5.2 vs. 1.8 ng/ml, IQR 0.5-5.7; p=0.03), but then became elevated in males between the ages 15-<18 (4.5 ng/ml, IQR 2.9-6.3 vs. 2.5 ng/ml, IQR 0.9-3.3; p<0.001). There were no gender differences between KIM-1 levels in this cohort.
To analyze the effects of age on biomarker values, data were subjected to Kruskal-Wallis one-way analysis of variance on ranks followed by Dunn's multiple comparison test for each biomarker (Fig. 2) . Urine NGAL was significantly higher in the 10-<15 year and 15-<18 year age groups (7.6 ng/ml, IQR 3.3-21.7 and 12.1 ng/ml, IQR 6.4-27.0, Fig. 3 . Multiple linear regression analysis demonstrated an increase of NGAL, KIM-1, and IL-18 with age, whereas L-FABP decreased with age (Table 3) . Females had significantly higher NGAL and IL-18 levels compared to males. There was no association of any biomarker with height, weight, or body mass index (BMI) z scores.
Discussion
This is the first large-scale study to determine normative values for all four of the most commonly investigated renal tubular biomarkers for AKI in a healthy pediatric population. This data is essential for establishing potential guidelines for clinical use of these assays for diagnostic purposes. Most studies to date have used "disease controls" to establish cutoffs for urine biomarkers [15, 17, [22] [23] [24] [25] . "Disease controls" are simply a cohort of patients in the same clinical setting that have a different outcome than is being studied. While "disease control" data is important and necessary to determine how biomarkers change in relevant clinical scenarios, such as AKI after cardiopulmonary bypass surgery, where CPB patients who did not develop AKI are used as controls for those developing AKI, these data do not provide us insight into how these markers behave in a totally healthy individual. The samples used in this study were from the Cincinnati Genomic Control Cohort. The goal of the development of the cohort was to obtain a population-representative sample which could be utilized as a control for a diverse set of projects.
Analysis of our data demonstrates differences in normal biomarker concentrations across both age and gender. NGAL and IL-18 demonstrated significant gender differences that remained after adjusting for patient age. The elevation of NGAL in females vs. males has also been demonstrated in the adult population in several studies in both healthy and diseased populations [26] [27] [28] [29] . IL-18 was also elevated in females after 10 years of age. Interestingly, while LFABP was elevated in females from ages 10 to <15 years, it became elevated in males from 15 to <18 years. To determine whether this flip is just an anomaly in the data or a real phenomenon will require further investigation. The biological reasons why biomarkers such as NGAL are generally higher in women are currently unknown, but represent an interesting avenue for further study.
Our dataset also revealed significant age-related differences in urinary biomarker excretion. NGAL, IL-18, and KIM-1 all increased with age. NGAL and IL-18 increased significantly after 10 years of age, while KIM-1 was elevated significantly in the 15-<18 year age group. Given the timing of the increase, it is possible that sexual development may influence levels of these markers. Therefore, age and gender may play a significant role in the determination of any cutoffs for clinical use of these markers and provide a significant impetus for developing age and gender tables for normal reference values. Interestingly, LFABP behaved in the opposite manner, displaying the highest level in the 3-<5 year group, and decreased thereafter to a steady level from 5 to <18 years of age. Sexual development was an important factor in determining age groups for analysis. We purposely selected 5-<10 and 10-<15 to represent populations largely before and after the onset of puberty. For comparison, 97.9 % of patients in the 5-<10 year group were pre onset of puberty, whereas 84.9 % of those in the 10-<15 year group were post onset of puberty. One weakness of our study is that we do not have values for children less than 3 years of age. This younger population has demonstrated differing values in biomarkers in other populations, possibly due to the immature development of the kidney [30] . For example, Cangemi et al. [31] found significantly higher urinary NGAL levels in the neonatal population than in older children. Variables such as height and weight, which are indicators of renal length and mass, could also influence biomarker levels. However, biomarkers did not correlate with Table 2 95th percentile rank values for each marker by age and gender. The first number is the 95th percentile rank value for the complete cohort at that age group, and values for males and females, respectively, are shown in parentheses 95th percentile cutoffs NGAL (ng/ml) KIM-1 (pg/ml) IL-18 (pg/ml) LFABP (ng/ml) NGAL neutropinil gelatinase associated lipocalin, KIM-1 kidney injury molecule 1, IL-18 interleukin 18, LFABP liver fatty acid binding protein, M male, F female height, weight, or BMI z scores in our cohort. This indicates that independent of age, these anthropometric measurements do not significantly affect biomarker values. Other factors, such as maturation of the immune system or increase in alloreactivity with age could potentially influence biomarker levels, but this is outside the scope of the current study. For NGAL, where adult reference intervals have previously been established [28] , our overall 95th percentile cutoff of 57.6 ng/ml is lower than that of other studies, which have ranged from 107 to 132 ng/ml using the automated Abbott Architect platform. While NGAL results from this platform show a strong correlation with the Bioporto ELISA used in this study, results are often shifted higher on the automated platform, which could account for a portion of the difference [16, 32] . The overall finding of a lower reference interval in children is consistent, however, with a meta-analysis of studies using NGAL to predict AKI, which found a cutoff of 170 ng/ml for adults vs. 100-135 ng/ml for children [22] .
Pinning down optimal cutoff values for IL-18 has remained challenging. A meta-analysis of clinical studies of IL-18 as a biomarker for kidney injury/disease failed to find a consensus [33] . Optimal cutoffs among clinical studies of IL-18 as it relates to AKI have varied greatly, from a low of 20 pg/ml [25] to over 2,200 pg/ml [34] . The median level of urine IL-18 in our cohort of healthy children was 21.6 pg/ml with a 95th percentile cutoff of 87.9 pg/ml, which may lead to difficult clinical interpretation of these studies as they pertain to AKI. One inconsistency that may influence this variability, and ultimately its utility as a diagnostic marker, is the lack of a standard clinical assay for IL-18.
Our findings for LFABP are consistent with an earlier study which found median and IQR values for healthy volunteers to be 1.59 ng/ml and 0.89-3.05 ng/ml [35] . These values are slightly lower than our findings of 3.4 ng/ml (IQR 1.6-6.0), but they were from an adult cohort as opposed to a pediatric one. This follows along the trend of decreasing values of LFABP with maturation. While 95 % cutoffs for urinary LFABP were not found, the range of values indicative of AKI in a meta-analysis were extremely broad ranging [36] . In order to perform these comparisons to AKI studies, we had to use a biomarker-to-creatinine ratio. For this comparison, we measured creatinine in our urine samples using a modified Jaffe reaction on a Siemens Xpand plus HM Clinical Analyzer (Siemens, Munich, Germany). While the cutoff values in most studies analyzed were under 100 ng/mg creatine (range, 25-89 ng/mg), two studies were much higher, from 486 ng/mg [37] to 3,452 ng/mg [38] . The timing of the sampling may be of importance, since most renal biomarkers have distinct patterns of elevation post-surgery [17] , but there was no specific trend in the timing of the samples in the metaanalysis that could explain such a large range of cutoffs. It is of interest that that our 95 % cutoff normal range values for LFABP (overall cohort-18.2 ng/mg creatinine) were below the cutoff values in the meta-analysis for AKI, and so consistent with healthy values in our population.
Our findings for KIM-1 are in line with, but range higher than, another study demonstrating healthy values for KIM-1. Chaturvedi et al. [21] , who validated the assay used in this manuscript, found values ranging from 60 to 837 pg/ml and 0.07-0.399 ng/mg creatinine in 20 healthy volunteer subjects. Our overall median value of 410 pg/ml (IQR 226-703) falls within that range, but we have a broader range of values with an overall 95th percentile cutoff of 1,302 pg/ml and a much higher range for creatinine adjusted KIM-1 (median 0.359 ng/mg, with a 0.926 ng/mg 95th percentile). The study contained a small sampling of adults, and little demographic information was provided, so it is difficult to make a direct comparison to our pediatric population. However, a meta-analysis of the diagnostic value of KIM-1 [39] for AKI showed results consistent with our findings. Of the 11 studies analyzed, nine reported KIM-1 cutoff values for the diagnosis of AKI. Of those nine, all but one had a cutoff value higher than our 95th percentile value of 0.926 ng/mg, with cutoffs ranging from 0.42 to 2.817 ng/mg. The study with the 0.42 ng/mg cutoff [40] was clearly an outlier and studied a much different population than our current cohort, with a mean age of 68 years.
The topic of "normalizing" the data for hydration status with urine presents an especially difficult position with a maturing pediatric population. It is known that in the developing child, urine creatinine increases as a function of age and maturity [41] . Therefore any "correction" for creatinine applied to our biomarker levels would nullify any increase as a function of age. As a case in point, in our population, using a Spearman correlation, urine creatinine demonstrated a significant positive correlation with age (r=0.54, p<0.001). So since creatinine is dependent upon age in this population, it would not be useful as a normalization tool.
While the strengths of our study include a large representative healthy pediatric population and our laboratory's expertise with these assays [16, 17, 24, 25, [42] [43] [44] [45] [46] , this study is not without its weaknesses. Our study is from a single center cohort that is representative of the population of a mid-size US city (Cincinnati, OH, USA), which would not necessarily be representative globally. Also, while our assays are well established, none of them are standardized assays available on a clinical platform. As a result, our results may vary from those utilizing different assays. Also, the Cincinnati Genomic Control Cohort was not selected specifically for nephrology research, therefore certain information that would be valuable for comparison, such as glomerular filtration rate, are not available for these patients.
The value of NGAL, IL-18, KIM-1, and LFABP to predict early kidney injury and thus allow for timely treatments that may one day improve the outcome for patients with this potentially devastating condition is dependent upon quality measurements and precise normal values. This is the first study to attempt to establish these ranges for all four markers in a healthy pediatric population. These reference ranges will allow for better interpretation of clinical trials that will ultimately bring this knowledge to the clinic and improve care.
